1 receptor, which is abundantly expressed in the nervous system, and the CB 2 receptor, which is predominantly expressed in the immune system. Previously, we investigated in detail the structure-activity relationship of various cannabinoid receptor ligands and found that 2-AG (2-arachidonoylglycerol) is the most efficacious agonist. We have proposed that 2-AG is the true natural ligand for both the CB 1 and CB 2 receptors. Despite the potential physiological importance of 2-AG, not much information is available concerning its biological activities towards mammalian tissues and cells. In the present study, we examined the effect of 2-AG on morphology as well as the actin filament system in differentiated HL-60 cells, which express the CB 2 receptor. We found that 2-AG induces rapid morphological changes such as the extension of pseudopods. We also found that it provokes a rapid actin polymerization in these cells. Actin polymerization induced by 2-AG was abolished when cells were treated with SR144528, a CB 2 receptor antagonist, and pertussis toxin, suggesting that the response was mediated by the CB 2 receptor and G i/o . A phosphoinositide 3-kinase, Rho family small G-proteins and a tyrosine kinase were also suggested to be involved. Reorganization of the actin filament system is known to be indispensable for a variety of cellular events; it is possible that 2-AG plays physiologically essential roles in various inflammatory cells and immune-competent cells by inducing a rapid actin rearrangement.
INTRODUCTION
A major psychoactive constituent of marijuana, 9 -THC ( 9 -tetrahydrocannabinol), is known to elicit a variety of pharmacological responses in vitro and in vivo. The mechanism underlying these actions of 9 -THC remained elusive until recently. In 1988, Devane et al. [1] demonstrated the occurrence of a specific binding site for cannabinoids in rat brain synaptosomes using [ 3 H]CP55940, a radiolabelled synthetic cannabinoid. Soon after, Matsuda et al. [2] cloned a cDNA encoding a cannabinoid receptor (CB 1 ), which is abundantly expressed in the brain. Later, Munro et al. [3] cloned a cDNA for another cannabinoid receptor (CB 2 ), which is mainly expressed in the lymphoid tissues. The discovery of specific receptors for cannabinoids prompted the search for endogenous ligands. In 1992, Devane et al. [4] isolated N-arachidonoylethanolamine (anandamide) from pig brain as an endogenous cannabinoid receptor ligand. Anandamide has been shown to possess various cannabimimetic activities [5] [6] [7] [8] .
However, the levels of anandamide in various living tissues were usually very low [9] . Furthermore, anandamide was found to act as a partial agonist for the cannabinoid receptors [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . These observations strongly suggested the existence of another endogenous ligand in mammalian tissues.
In 1995, we [20] and Mechoulam et al. [21] isolated 2-AG (2-arachidonoylglycerol) as the second endogenous ligand for the cannabinoid receptors. 2-AG exhibits a variety of cannabimimetic activities. Noticeably, the levels of 2-AG in various mammalian tissues are markedly higher than those of anandamide [9] . In fact, 2-AG can be rapidly formed from arachidonic acid-containing phospholipids in various stimulated tissues and cells [9, 23] . Importantly, 2-AG was found to act as a full agonist at the cannabinoid receptors [10, 11, 14, [17] [18] [19] 22] . On the basis of these experimental results, we proposed that 2-AG, and not anandamide, is the intrinsic natural ligand for the cannabinoid receptors [9] [10] [11] 22, 23] .
Despite the potential physiological significance of 2-AG, details of its exact physiological functions have not yet been fully elucidated. Several lines of evidence strongly suggested that 2-AG attenuates synaptic transmission by acting at the CB 1 receptor expressed predominantly in the presynaptic terminals [24] ; it is becoming evident that 2-AG is a novel type of neuromodulator. 2-AG has also been shown to possess cytoprotective properties in the brain [25] . On the other hand, the physiological function of the CB 2 receptor still remains rather obscure. Recently, we found that 2-AG induces the activation of p42/44 MAPK (mitogenactivated protein kinase) [26] , p38 MAPK and c-Jun N-terminal kinase [27] . We also found that 2-AG evoked the migration of HL-60 cells differentiated into macrophage-like cells [28] . Several investigators have also reported that 2-AG induces the migration of mouse splenocytes [29] and microglia cells [30] . Both stimulative and suppressive effects of 2-AG on lymphocyte proliferation have also been demonstrated [31, 32] . Nevertheless, sufficient information has not yet been available concerning the biological activities of 2-AG towards inflammatory cells. In Abbreviations used: 2-AG, 2-arachidonoylglycerol; 9 -THC, 9 -tetrahydrocannabinol; F-actin, filamentous actin; IL, interleukin; MAPK, mitogenactivated protein kinase; NBD-phallacidin, 7-nitrobenz-2-oxa-1,3-phallacidin; 1,25(OH) 2 D 3 , 1α, 25-dihydroxyvitamin D 3 ; PI3K, phosphoinositide 3-kinase; PTX, pertussis toxin. 1 To whom correspondence should be addressed (email sugiurat@pharm.teikyo-u.ac.jp).
addition, it is not clear in some cases whether the effects are due to 2-AG itself or to arachidonic acid metabolites derived from 2-AG. It is essential to investigate the exact physiological and pathophysiological roles of 2-AG as well as the mechanism and mode of action of 2-AG in inflammatory reactions and immune responses, since the CB 2 receptor is abundantly expressed in several types of inflammatory cells and immune-competent cells and is suggested to be involved in the regulation of these cellular functions [2, [33] [34] [35] [36] [37] [38] [39] .
In the present study, we examined the effects of 2-AG on morphology as well as the organization of the actin filament system in HL-60 cells differentiated into macrophage-like cells, which are known to be a useful model of macrophages [40] . We found that 2-AG induces rapid morphological changes such as the extension of pseudopods. We also found that 2-AG induces rapid actin polymerization in differentiated HL-60 cells in a CB 2 receptor-dependent manner. The physiological meaning of the 2-AG-induced actin rearrangement in macrophage-like cells is discussed.
MATERIALS AND METHODS

Chemicals
Arachidonic acid, essentially fatty acid-free BSA, 1,25(OH) 2 D 3 (1α, 25-dihydroxyvitamin D 3 ) and Clostridium difficile toxin B were purchased from Sigma (St. Louis, MO, U.S.A.). Formaldehyde, lysophosphatidylcholine, wortmannin and herbimycin A were obtained from Wako Pure Chemical Industries (Osaka, Japan). CP55940 and Y-27632 were purchased from Tocris (Bristol, U.K.). WIN55212-2 and WIN55212-3 were obtained from RBI (Natick, MA, U.S.A.). PD98059, SB203580 and Ro-31-8220 were acquired from Calbiochem-Novabiochem (San Diego, CA, U.S.A.). PTX (pertussis toxin) and C. botulinum C3 exoenzyme were obtained from List Biological Laboratories (Campbell, CA, U.S.A.). SR144528 was a gift from SANOFI (Montpellier, France). NBD-phallacidin (7-nitrobenz-2-oxa-1,3-phallacidin) was purchased from Molecular Probes (Junction City, OR, U.S.A.). 1,3-Benzylideneglycerol was prepared as described in [10] . 2-AG was prepared from 1,3-benzylideneglycerol and arachidonic acid as described earlier [10] .
Cells
Human promyelocytic leukaemia HL-60 cells were grown at 37
• C in RPMI 1640 medium (Asahi Technoglass, Chiba, Japan) supplemented with 10 % (v/v) fetal bovine serum in an atmosphere of 95 % air and 5 % CO 2 . Cells were differentiated into macrophagelike cells by treatment with 100 nM 1,25(OH) 2 D 3 for 5 days.
Morphological changes
HL-60 cells differentiated into macrophage-like cells (1 × 10 6 ) were then stimulated with 1 µM 2-AG. Morphological changes were examined by phase-contrast microscopy (Olympus IX71).
Fluorescence microscopy
HL-60 cells differentiated into macrophage-like cells (1 × 10 6 ) were suspended in 0.2 ml of 25 mM Hepes-Tyrode solution (pH 7.4) containing 1 mM CaCl 2 and 0.1 % BSA. After incubation at 37
• C for 5 min, the cells were challenged with 1 µM 2-AG or the vehicle (DMSO) (final concentration of DMSO, 0.2 %) at 37
• C for 10 s. Cells were then simultaneously fixed, permeabilized and labelled for F-actin (filamentous actin) by the addition of an equal volume of PBS (pH 7.4) containing 3.7 % (w/v) formaldehyde, 0.1 mg/ml of lysophosphatidylcholine, 0.1 % BSA and 0.16 µM NBD-phallacidin. After keeping at room temperature (25
• C) for 1 h in the dark, cells were washed twice with PBS (pH 7.4) containing 0.1 % BSA and analysed using an Olympus CX41 fluorescence microscope. Emission from NBDphallacidin (465 nm) was detected after excitation at 488 nm.
Flow cytometric analysis of actin polymerization
• C for 5 min, cells were stimulated with 2-AG (1 µM) or other cannabinoid receptor ligands (1 µM) at 37
• C for 10 s. Cells were then simultaneously fixed, permeabilized and labelled for F-actin by the addition of an equal volume of PBS (pH 7.4) containing 3.7 % formaldehyde, 0.1 mg/ml of lysophosphatidylcholine, 0.1 % BSA and 0.16 µM NBD-phallacidin. After keeping at 4
• C overnight in the dark, cell-associated fluorescence was measured with a flow cytometer (ELITE; Beckman Coulter, Fullerton, CA, U.S.A.), using a 15 mW argon-ion laser for excitation at 488 nm. Fluorescence was detected through a 530 nm band-pass filter. Data from 5000 events per sample were acquired in a list mode and analysed using ELITE software.
In the experiments where the effects of various inhibitors were examined, cells were pretreated with inhibitors at 37
• C before the challenging with 2-AG (5 min for SR144528, 1 h for various enzyme inhibitors, 12 h for toxin B, 16 h for PTX and 24 h for C3 exoenzyme).
Statistical analysis
The statistical analysis was performed using Student's t test. A P < 0.05 was considered to be significant.
RESULTS
Effect of 2-AG on the morphology of HL-60 cells differentiated into macrophage-like cells
First, we examined the effect of 2-AG on the morphology of HL-60 cells differentiated into macrophage-like cells. Figure 1 shows representative photographs of differentiated HL-60 cells after stimulation with 2-AG. We found that the exposure of cells to 1 µM 2-AG provoked rapid morphological changes such as the extension of pseudopods. In contrast with 2-AG-stimulated cells, DMSO-treated control cells did not exhibit apparent morphological changes (results not shown).
Effects of 2-AG on the organization of actin filaments
That 2-AG induces rapid morphological changes strongly suggests that a rapid actin rearrangement takes place in 2-AG-stimulated cells. We then examined the effects of 2-AG on the organization of actin filaments using NBD-phallacidin as a probe and a fluorescence microscope. We found that the fluorescence intensity was markedly increased in 2-AG-stimulated cells compared with the control (results not shown). The formation of F-actin was further investigated using a flow cytometer. Figure 2 shows a representative histogram. When cells were stimulated with 1 µM 2-AG, the flow cytometric profile was shifted to the right (Figure 2C) . On the other hand, no change was observed in DMSOtreated control cells ( Figure 2B ), indicating that the stimulation of cells with 2-AG triggered the formation of F-actin. The increase in cellular F-actin in response to 2-AG reached a peak 10 s after the addition of 2-AG and decreased to the basal level after 1 min ( Figure 3A) . The formation of F-actin in 2-AG-stimulated cells increased dose-dependently ( Figure 3B ): the effect of 2-AG was observed from 10 nM and reached a peak at 10 µM.
Comparison of the abilities of several cannabinoid receptor ligands and their analogues to induce actin polymerization
The abilities of several cannabinoid receptor ligands and their analogues to induce actin polymerization were examined next (Figure 4) . As mentioned above, the addition of 1 µM 2-AG induced a rapid actin polymerization in cells. In contrast with 2-AG, the activity of 1 µM anandamide was found to be almost negligible. The activity of 9 -THC was also very low. On the other hand, 1 µM CP55940, a synthetic cannabinoid, possessed activity comparable with that of 1 µM 2-AG. WIN55212-2 (1 µM), a cannabimimetic aminoalkylindole, also possessed appreciable activity similar to that of CP55940, whereas 1 µM WIN55212-3, an inactive isomer of WIN55212-2, failed to induce actin polymerization. Free arachidonic acid (1 µM) also did not exhibit any activity. 
Effects of SR144528, a CB 2 receptor-specific antagonist, and PTX-treatment on the actin polymerization induced by 2-AG
We next examined whether the CB 2 receptor is involved in the 2-AG-induced actin polymerization. We found that the addition of SR144528, a CB 2 receptor-specific antagonist, abrogated the actin polymerization induced by 2-AG ( Figure 5A ). It is apparent, therefore, that the 2-AG-induced actin polymerization is mediated through the CB 2 receptor. The effect of pretreatment of the cells with PTX on 2-AG-induced actin polymerization was then examined. As shown in Figure 5(B) , pretreatment of the cells with PTX abolished actin polymerization evoked by 2-AG, indicating that G i/o is involved in the 2-AG-induced actin polymerization.
Effects of several inhibitors on 2-AG-induced actin polymerization
The effects of several inhibitors of intracellular signal transduction on 2-AG-induced actin polymerization were next investigated. As shown in Figure 6 We also examined the effects of pretreatment of the cells with Rho family small G-protein inhibitors. First, we examined the effect of C. difficile toxin B [an inhibitor of Rho family small G-proteins (Rho, Rac and Cdc42)] on 2-AG-induced actin polymerization. As demonstrated in Figure 7(A) , pretreatment of the cells with toxin B (100 ng/ml) markedly reduced the actin polymerization induced by 2-AG. It is apparent, therefore, that Rho family small G-proteins are involved in 2-AG-induced actin polymerization. We then examined the effect of pretreatment of the cells with C. botulinum C3 exoenzyme (a Rho inhibitor, 20 µg/ml). As depicted in Figure 7 (B), the response induced by 2-AG was not markedly affected by treatment with C3 exoenzyme. These results suggest that rapid actin polymerization induced by 2-AG was mediated mainly by Rac and/or Cdc42.
DISCUSSION
In the present study, we investigated in detail the effect of 2-AG on the organization of the actin filament system in HL-60 cells that have been differentiated into macrophage-like cells. We found that 2-AG induced rapid actin polymerization in differentiated HL-60 cells. It is apparent that the 2-AG-induced actin polymerization is mediated through the CB 2 receptor for the following reasons: (i) SR144528, a CB 2 receptor-specific antagonist, blocked the response induced by 2-AG ( Figure 5A ); (ii) CP55940 and WIN55212-2 induced actin polymerization similar to 2-AG ( Figure 4) ; (iii) in contrast with WIN55212-2, WIN55212-3, a stereoisomer of WIN55212-2 lacking cannabimimetic activities, did not exhibit appreciable activity ( Figure 4) ; (iv) free arachidonic acid did not induce actin polymerization (Figure 4) , providing evidence that arachidonic acid and its metabolites, which may be generated from 2-AG during incubation, are not involved in the response.
Several types of receptor ligands such as various chemoattractants are known to induce actin polymerization [41] [42] [43] [44] [45] [46] . For example, fMLP (N-formylmethionyl-leucylphenylalanine) induces rapid actin polymerization in neutrophils [41, 42] and HL-60 cells [43, 44] and IL-8 (interleukin 8) induce actin polymerization in neutrophils [45, 46] . However, it is not known whether cannabinoids as well as endogenous cannabinoid receptor ligands induce actin polymerization. Previously, Zimmerman and coworkers demonstrated that high concentrations of 9 -THC ( 10 µM) disrupt the microfilament network in PtK2 cells [47] , rabbit aortic endothelial cells [47] and Chinese-hamster ovary cells [48] . They also reported that high concentrations of 9 -THC and HU210 disrupt microfilaments in PC12 cells [49, 50] . However, they did not describe whether cannabinoids provoke actin polymerization. Derkinderen et al. [51] have reported that anandamide induces the phosphorylation of focal adhesion kinase, although they did not examine whether anandamide induces actin polymerization. 2-AG has been shown to rearrange the actin and vimentin in control and endothelin-1-stimulated human brain endothelial cells, yet polymerization was not studied [52] . To our knowledge, this is the first report showing that cannabinoid receptor ligands, including 2-AG, induce rapid actin polymerization.
Not much information is available regarding the biological activities of 2-AG as a CB 2 receptor ligand. Several investigators have examined the effects of 2-AG on inflammatory cells and immune-competent cells. For example, Lee et al. [31] have reported that 2-AG affects lymphocyte proliferation. Ouyang et al. [32] also demonstrated that 2-AG suppresses IL-2 gene expression in murine T-lymphocytes through down-regulation of the nuclear factor. On the other hand, Gallily et al. [53] reported that 2-AG suppresses the production of tumour-necrosis factor α in lipopolysaccharide-stimulated mouse macrophages in vitro and in lipopolysaccharide-administered mice in vivo. Chang et al. [54] also demonstrated that 2-AG inhibited the production of IL-6 in J774 macrophage-like cells. However, it remains unclear in some cases whether these effects of 2-AG are mediated through the cannabinoid receptor.
On the other hand, we found that 2-AG induces a rapid transient increase in the intracellular free Ca 2+ concentration ([Ca 2+ ] i ) in HL-60 cells [11] . The rapid increase in [Ca 2+ ] i induced by 2-AG was blocked by pretreatment of the cells with SR144528. We also found that 2-AG induces a rapid phosphorylation of the p42/44 MAPK in HL-60 cells [24] . The 2-AG-induced phosphorylation of the p42/44 MAPK was abolished when the cells were pretreated with SR144528. These results clearly indicate that 2-AG induces the Ca 2+ transient and the phosphorylation of the p42/44 MAPK by acting on the CB 2 receptor. Importantly, 2-AG was found to act as a full agonist at the CB 2 receptor, whereas anandamide acted as a weak partial agonist [11, 26, 28] . The fact that anandamide acts as a partial agonist at the CB 2 receptor has been reported by several investigators as well [13, 17] . In addition to anandamide, 9 -THC is also known to act as a weak partial agonist at the CB 2 receptor [11, 55] . On the basis of the results of structureactivity relationship experiments, we concluded that 2-AG, and not anandamide, is the true natural ligand for the CB 2 receptor [9, 11, 23] . The failure of anandamide as well as 9 -THC to induce prominent actin polymerization (Figure 4 ) is thus consistent with the previous observations mentioned above.
Possible signalling mechanisms underlying 2-AG-induced actin polymerization were investigated using several inhibitors. We found that the treatment of the cell with PTX, wortmannin, herbimycin A and toxin B reduced the response induced by 2-AG ( Figures 5B, 6 and 7A ). These observations suggest that G i/o , PI3K, Rho family small G-proteins such as Rac and Cdc42 and tyrosine kinase(s) are involved in the response. Several investigators have demonstrated that a pathway, involving G i/o , PI3K, Akt/protein kinase B and Rho family small G-proteins and their downstreams such as WASP (Wiskott-Aldrich syndrome protein), N-WASP (neuronal WASP), WAVE (WASP family Verprolin-homologous protein) and phosphatidylinositol-4-phosphate 5-kinase, participate in actin polymerization [44, 46, 56, 57] . It is plausible that similar mechanisms operate in 2-AG-stimulated cells, although other signal transduction pathways and molecules may also take part in the induction of the response. Further studies are required for a full understanding of the molecular mechanism responsible for 2-AG-induced actin polymerization.
What then is the physiological meaning of the 2-AG-induced actin polymerization? Recently, several investigators have demonstrated that 2-AG augments cell motility; Jorda et al. [29] have reported that 2-AG induced the migration of mouse splenocytes and 32D/G-CSF-R cells transfected with CB 2 receptor mRNA, and Walter et al. [30] have demonstrated that 2-AG evoked the migration of mouse microglia cells. We also found that 2-AG induces the migration of HL-60 cells differentiated into macrophage-like cells and human peripheral blood monocytes [28] . It seems quite probable that the 2-AG-induced actin polymerization shown in the present study is closely involved in the 2-AGinduced cell migration, since the reorganization of actin filaments is essential to induce cell migration.
As mentioned above, Rho family small G-proteins such as Rac and Cdc42 were suggested to be involved in 2-AG-induced actin polymerization in HL-60 cells differentiated into macrophagelike cells ( Figure 7A ). In addition to being involved in actin polymerization, Rac and Cdc42 are known to participate in diverse cellular processes such as neurite outgrowth, cell adhesion, cell polarity, cell division, endocytosis, regulation of gene expression and generation of reactive oxygen species [56, 58] . Considering that the Rho family small G-proteins such as Rac and Cdc42 are some of the downstream molecules of signalling pathways triggered by 2-AG, it is conceivable that 2-AG elicits some of these cellular responses, in addition to actin polymerization, when added to cells. At present, however, not much information is available regarding the biological activities of 2-AG; this is probably due to the fact that much attention has been directed to anandamide rather than to 2-AG. Further detailed studies are necessary to unveil unknown biological activities of 2-AG in various mammalian tissues and cells.
The CB 2 receptor is abundantly expressed in various types of inflammatory cells and immune-competent cells [3, 33, 34] . Evidence is gradually accumulating which shows that the CB 2 receptor plays some essential role in inflammatory reactions and immune responses [35] [36] [37] [38] [39] , yet the details of the physiological functions of the CB 2 receptor still remain to be clarified. A thorough elucidation of the physiological and pathophysiological roles of 2-AG and the CB 2 receptor would thus greatly contribute to a comprehensive understanding of the precise regulatory mechanisms of inflammatory reactions and immune responses.
